Regulatory T cells (T reg cells) are central to the maintenance of immune homeostasis. However, little is known about the stability of T reg cells in vivo. In this study, we demonstrate that a substantial percentage of cells had transient or unstable expression of the transcription factor Foxp3. These 'exFoxp3' T cells had an activated-memory T cell phenotype and produced inflammatory cytokines. Moreover, exFoxp3 cell numbers were higher in inflamed tissues in autoimmune conditions. Adoptive transfer of autoreactive exFoxp3 cells led to the rapid onset of diabetes. Finally, analysis of the T cell receptor repertoire suggested that exFoxp3 cells developed from both natural and adaptive T reg cells. Thus, the generation of potentially autoreactive effector T cells as a consequence of Foxp3 instability has important implications for understanding autoimmune disease pathogenesis.
Autoimmunity represents a collection of over 80 heterogeneous disorders often controlled by complex genetic and environmental factors. The pathogenesis is thought to result from a breakdown in the mechanisms that control central and/or peripheral tolerance, which ultimately culminates in autoimmune disease. Thus, the path to effective therapies requires an understanding of the mechanisms that underlie the breakdown of tolerance normally maintained by regulatory T cells (T reg cells). T reg cells are a specialized CD4 + T cell lineage that is central to the preservation of self-tolerance and whose dysfunction has been linked to autoimmune diseases, including type 1 diabetes [1] [2] [3] . These cells are characterized as a small subset of CD4 + T cells with a unique phenotypic 'fingerprint' driven by expression of the transcription factor Foxp3 (A002750) 4 . Foxp3 is essential for the suppressive activity of T reg cells, and Foxp3 deficiency leads to multiorgan autoimmune disease, as is found in scurfy mice and in human patients with immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome [5] [6] [7] . Moreover, ectopic Foxp3 expression in non-T reg cells confers suppressor function in vitro and in vivo 4 . Finally, there are two distinct subsets of T reg cells in peripheral lymphoid organs: natural T reg cells (nT reg cells) that develop in the thymus after recognition of high-affinity self antigen, and adaptive T reg cells (aT reg cells) that develop from conventional T cells (T conv cells) as a consequence of peripheral exposure to antigen 8 . The aT reg cells serve a complementary function in maintaining peripheral tolerance, particularly for self antigens not expressed in the thymus.
Although the importance of T reg cells in the control of autoimmunity is now well established, little is known about the stability of T reg cells in vivo. Most T reg cells retain high Foxp3 expression after adoptive transfer in a nonpathogenic setting, and it has been suggested that Foxp3 expression is controlled by Foxp3 itself through a positive feedback loop 9, 10 . However, several studies have suggested that T reg cells isolated from inflammatory sites have lower expression of Foxp3, which possibly increases susceptibility to autoimmunity 1, 3 . In support of that idea, the inflammatory cytokine interleukin 6 (IL-6) acts in synergy with IL-1 to downregulate Foxp3 expression via a pathway dependent on the transcription factor STAT3 (ref. 11) , and micro-RNA-deficient T reg cells can lose Foxp3 expression 12 . In addition, peripheral T reg cells, particularly the CD4 + CD25 À Foxp3 + subset, are unstable in a lymphopenic setting, and those unstable T reg cells can convert to follicular helper T cells and promote the formation of germinal centers in mouse Peyer's patches 13, 14 . Together these findings suggest that peripheral T reg cells can become unstable in certain experimental conditions.
In this study, we examine the stability of T reg cells by genetic lineage tracing of Foxp3 + T reg cells in both homeostatic and autoimmune conditions in unmanipulated mice. We crossed transgenic mice expressing a green fluorescent protein-Cre recombinase fusion protein (GFP-Cre) controlled by the Foxp3 promoter on a bacterial artificial chromosome (BAC; Foxp3-GFP-Cre mice) 12 with reporter mice that express yellow fluorescent protein (YFP) from the Rosa26 promoter only after excision of a loxP-flanked stop cassette (Rosa26-loxP-Stop-loxP-YFP (R26-YFP) mice) 15 , which allowed us to track the induction and downregulation of Foxp3 concurrently. We found that a substantial percentage of cells that at some point expressed Foxp3 had downregulated or completely lost Foxp3 expression in healthy mice; these 'exFoxp3' cells had an activated-memory phenotype and produced inflammatory cytokines. Of note, these exFoxp3 cells, which were significantly higher in percentage in the autoimmune diabetes setting, were able to transfer diabetes. Finally, analysis of the T cell antigen receptor-a (TCRa) variable segment (V a ) showed that the exFoxp3 cells shared ontogeny with Foxp3 + T reg cells as well as T conv cells, which suggests that in some conditions, both nT reg cells and aT reg cells become unstable in the periphery and may promote autoimmunity.
RESULTS
Foxp3 + T cells in Foxp3-GFP-Cre Â R26-YFP mice The Foxp3-GFP-Cre mice have been reported before 12 . Characterization of these mice has shown they have a T reg cell developmental profile similar to that reported before for a Foxp3-GFP 'knock-in' reporter strain 16 . Notably, endogenous Foxp3 expression was unchanged in BAC-transgenic cells (data not shown). We crossed those mice with the R26-YFP reporter mouse 15 . In the resultant Foxp3-GFP-Cre Â R26-YFP mice, Foxp3-GFP-Cre + T reg cells excise the loxP-flanked stop cassette to drive constitutive transcription of the gene encoding YFP from the R26 promoter, which permanently marks the Foxp3 + T cells and their progeny. We noted a few GFP + YFP + thymocytes among CD4 + CD8 + double-positive and CD8 + single-positive (SP) thymocytes ( Fig. 1a ), which suggested that Foxp3 transcription was induced in certain conditions of exposure to self antigen during positive selection and CD8 + T cell maturation. Most of the Foxp3 + GFP + and/or YFP + cells were in the CD4 + SP thymocyte subset ( Fig. 1a ). Using expression of heat-shock antigen (CD24) as an indicator of thymocyte maturity, we were able to map the development of the lineage (Fig. 1b) . We found few if any GFP + YFP + cells among the immature, CD4 + SP, CD24 bright thymocytes. However, as the cells matured (indicated by lower CD24 expression), a population of GFP + cells became evident (Fig. 1a) . These cells had low YFP fluorescence due to a delay between Foxp3 transcription, 'read out' as GFP expression, and excision of loxP-Stop-loxP in the R26-YFP transgene. Thus, the GFP + YFP lo-neg population represented cells that had upregulated Foxp3 most recently. YFP + cells emerged as T reg cells that matured further, as indicated by even lower CD24 expression, such that the most mature cells had high expression of both GFP and YFP. Thus, lineage tracing of Foxp3 promoter activity suggested that most Foxp3 transcription is initiated after the maturation of CD4 + SP thymocytes. This stage of thymocyte maturation has been linked to negative selection, which supports previous suggestions that Foxp3 + T reg cells develop as an 'escape' mechanism during negative selection after exposure to self antigen 17, 18 . Finally, the CD4 + SP cells included a small but detectable cell population of GFP À YFP + cells (Fig. 1a ). This population, which constituted about 10% of the YFP + cells in the thymus, seemed to develop among the mature CD4 + T cells, as all the cells were CD24 lo , which was consistent with their having derived from TCR-triggered antigen recognition. Notably, we did not find any YFP expression among B cells or other non-T cells in these mice, consistent with a high fidelity of Cre activity in this BAC transgene and lack of stochastic expression of YFP in other tissues.
Next we assessed the presence of various subsets in the periphery. As described before 12 , the GFP-Cre construct in the BAC-transgenic mice was highly efficient. About 10% of peripheral CD4 + T cells were GFP + YFP + , whereas we found very few (0.4%) GFP + YFP lo T cells ( Fig. 1c) , which most probably represented newly generated aT reg cells as a consequence of peripheral induction of Foxp3. Notably, analysis of the peripheral spleen and lymph node tissues showed that the GFP À YFP + population accounted for up to 20% of the peripheral YFP + cells ( Fig. 1c) . To directly address the stability of the Foxp3 locus in this newly identified population, we examined the methylation status of the T reg cell-specific demethylated region (TSDR) of Foxp3 in various T cell subsets 19 . Methylation of CpG islands in this region of the Foxp3 locus is a principal control mechanism of Foxp3 expression in mouse CD4 + T cells, as 90% of the CpG sites in the examined intron of Foxp3 À naive CD4 + T cells are over 90% methylated, whereas the CpG sites in this intron are fully unmethylated in thymusderived nT reg cells and in vivo-generated aT reg cells [20] [21] [22] . Bisulphite sequence analysis confirmed previous findings that 100% of CD4 + GFP À YFP À T conv cells purified by flow cytometry sorting had over 85% CpG sites methylated, whereas less than 15% of the CpG sites were methylated in 90% of the T reg cells (CD4 + GFP + YFP + ; Fig. 1d and Supplementary Fig. 1 ). In contrast, GFP À YFP + cells purified by flow cytometry had a varied pattern of methylation status. Only 74% of the DNA strands had over 85% of the CpG sites in the TSDR methylated, which correlated positively with Foxp3 expression ( Supplementary Fig. 1 ); 11% of the clones had over 85% of the CpG islands unmethylated and, most notably, 13% had partial methylation, with 15-85% of the CpG sites being unmethylated ( Fig. 1d) . Notably, there seemed to be a random pattern of partial methylation in the GFP À YFP + cells ( Supplementary Fig. 1 ), which suggested that factors that controlled the spontaneous loss of Foxp3 expression led to remethylation of the Foxp3 locus in some cells. Alternatively, it was possible that a subset of GFP À YFP + cells had never fully demethylated the locus even though they had expressed sufficient Foxp3 to 'turn on' the Cre enzyme. In this context, this methylation phenotype is reminiscent of what has been reported for in vitro transforming growth factor-b-induced T reg cells 20 . Analysis of spleens, lymph nodes, livers and Peyer's patches of many mice showed that there were similar proportions of the various YFP + subsets throughout peripheral lymphoid compartments ( Fig. 1e ). Approximately 15% of the YFP + cells were negative for Foxp3 staining ( Fig. 2a ), which correlated with the proportion of YFP + cells that lacked GFP expression ( Fig. 1c) . These results suggested that a population of T cells existed in both the thymus and various lymphoid compartments that had expressed Foxp3 at one stage but ceased active translation of Foxp3 protein. We call the GFP À YFP + cells 'exFoxp3 cells' here.
Next we examined the phenotype of the exFoxp3 cells in the periphery. The Foxp3 À YFP + cells were uniformly CD25 À , with low expression of the immunomodulatory receptor GITR and high expression of CD127 (IL-7 receptor a-chain), differing considerably from the Foxp3 + YFP + T reg cells ( Fig. 2a) . Analysis of other cell surface molecules showed that the exFoxp3 cells had a mixed phenotype, with heterogeneous expression of 'signature' T reg cell markers, including folate receptor 4 (FR4), cytotoxic T lymphocyte-associated antigen (CTLA-4) and CD103 ( Fig. 2b) . Previous Foxp3-knockout studies showed that ablation of Foxp3 in vivo and ex vivo resulted in the loss of the T reg cell phenotypic 'signature' 9,10 ; thus, the substantial alterations in the expression of CD25, GITR, CD127 and other surface markers in the GFP À YFP + cells suggested similar instability had occurred in homeostatic conditions. Activated-memory phenotype of exFoxp3 cells Notably, the exFoxp3 cells did not represent a 'dead-end' , terminally differentiated T reg cell type but instead represented a cell type with plasticity that could develop an activated-memory cell phenotype, with heterogeneous CD62L expression and high CD44 expression ( Fig. 3a) . To directly assess if the exFoxp3 cells were effector-memory T cells, we sorted YFP + cells, stimulated them with phorbol 12-myristate 13-acetate (PMA) and ionomycin and examined intracellular cytokine production ( Fig. 3b-d) . A substantial percentage of the exFoxp3 cells produced interferon-g (IFN-g), which supported the hypothesis that these were indeed effector-memory T cells. Published studies have suggested a unique relationship between the differentiation of T reg cells and that of IL-17-producing helper T cell on the basis of transcription factor plasticity during T cell differentiation, particularly in gut-associated lymphoid tissue 11, 23 . Therefore, we examined the production of IL-17 by exFoxp3 cells isolated from gut-associated lymphoid tissue. A mean of 22.4% of exFoxp3 cells in Peyer's patches produced IL-17A, compared with a mean of 13.2% that produced IFN-g ( Fig. 3c,d ). This contrasted with results obtained with other lymphoid tissues, in which the exFoxp3 cells had a T helper type 1-biased phenotype. For example, by flow cytometry, a mean of 32%, 31.7% or 11.2% of exFoxp3 cells isolated from the liver, spleen or lymph node, respectively, produced IFN-g, but a much lower percentage of exFoxp3 cells in these tissues produced IL-17A ( Fig. 3c,d ).
Together these results suggest that exFoxp3 populations contain effector-memory T cells with distinct cytokine-producing abilities depending on their microenvironment.
Autoimmune microenvironment favors loss of Foxp3
Lower Foxp3 expression in T reg cells has been reported in various autoimmune diseases, including type 1 diabetes in nonobese diabetic (NOD) mice 1,3 , a model of spontaneous autoimmune diabetes that shares many similarities with autoimmune type 1 diabetes in humans. Inflamed islets have a lower ratio of T reg cells to T effector cells, which is tightly associated with disease progression 1 .
To test the hypothesis that the lower Foxp3 expression in autoimmune settings shifts the balance of T reg cells to exFoxp3 cells, we crossed the Foxp3-GFP-Cre Â R26-YFP mice onto the NOD strain and examined the proportion of CD4 + Foxp3 + T reg cells in aging, prediabetic Foxp3-GFP-Cre Â R26-YFP NOD mice. We prepared infiltrates from the pancreases of 16-to 18-weekold mice and compared the abundance of the various GFP-and/or YFP-expressing populations in these infiltrates with those in draining pancreatic lymph nodes (PLNs) and nondraining inguinal lymph nodes (ILNs). Additionally, we analyzed the expression of markers of T reg cells and memory-effector T cells. We found a significantly lower relative percentage of CD4 + GFP + YFP + T reg cells in the CD4 + YFP + T cell population in the pancreas than in PLNs or ILNs (P o 0.03; data not shown). In contrast, the percentage of GFP À YFP + exFoxp3 cells was specifically higher in the pancreas (average 32.7%) than in ILNs and PLNs (average, 17.8% and 22.8%, respectively; Fig. 4a ). Notably, exFoxp3 cells isolated from the pancreas had the lowest expression of CD25 and the highest expression of CD127 relative to that of exFoxp3 cells from the other compartments (Fig. 4b,c) , and they produced IFN-g (data not shown); these observations suggested that the autoimmune microenvironment altered T cell phenotypes and promoted pathogenicity. In addition, these results suggested that the appearance of the exFoxp3 cells was not simply a consequence of stochastic regulation of Foxp3 but instead was a consequence of antigen recognition in the inflamed setting.
To directly address the hypothesis proposed above, we further crossed the Foxp3-GFP-Cre Â R26-YFP mice with BDC2.5 TCR-transgenic NATURE IMMUNOLOGY VOLUME 10 NUMBER 9 SEPTEMBER 2009 1 0 0 3 mice 24 , whose TCR-transgenic CD4 + T cells recognize a pancreatic islet autoantigen; this system allowed investigation of whether the expression of a pancreatic antigen-specific TCR would change the percentage of exFoxp3 cells and their pathogenic potential. The proportion of thymic CD4 + SP T conv and exFoxp3 cells was similar in control nontransgenic Foxp3-GFP-Cre Â R26-YFP mice and BDC2.5 TCR-transgenic Foxp3-GFP-Cre Â R26-YFP mice, although there were generally fewer thymic T reg cells in the latter (Fig. 4d) . However, there were up to twofold more exFoxp3 cells in the spleens and PLNs of the BDC2.5 TCR-transgenic mice than in those of their control littermates ( Fig. 4d,e ); this greater abundance was similar to the percentage found in the pancreas of conventional NOD mice. Together these data suggest that strong engagement of self antigen, especially in the inflammatory setting, can promote the generation of exFoxp3 cells.
Pathogenicity of exFoxp3 cells
To further test the hypothesis that established T reg cells can be unstable and potentially pathogenic in an autoimmune setting, we sorted T reg cells from Foxp3-GFP-Cre Â R26-YFP BDC2.5 mice and transferred them into T cell-deficient NOD Tcra À/À mice ( Fig. 5a and Supplementary Fig. 2) . Analysis of the recipient mice 4 weeks after transfer of nT reg cells showed that on average, a third of the cells (35.7%) had downregulated Foxp3, on the basis of the absence of expression of GFP or Foxp3 protein. Notably, these cells took on an effector-memory phenotype, with (on average) 28.4% of the GFP À YFP + transgene-positive cells producing IFN-g after stimulation with PMA and ionomycin (Fig. 5a) . We did a similar experiment by transferring GFP À YFP À transgene-positive cells into immunodeficient mice. In this study, about 0.5% of the transferred cells, all of which expressed the V b 4 chain of the BDC2.5 TCR transgene, 'turned on' YFP in the pancreas (Fig. 5b) , indicative of transient Foxp3 expression. Together these results suggest that the exFoxp3 cells can be generated from nT reg cell instability and/or abortive aT reg cell induction dependent on interaction with self antigen. However, the aT reg cell pathway did not seem to generate exFoxp3 cells efficiently in vivo after adoptive transfer.
To investigate the functional consequences of the exFoxp3 cells generated, we sorted the various subsets, including exFoxp3 cells, T conv cells and T reg cells, from CD4 + cell-enriched lymph nodes and spleens of Foxp3-GFP-Cre Â R26-YFP BDC2.5 mice and expanded each population in vitro with IL-2 and beads coated with antibody to CD3 (anti-CD3) plus anti-CD28 (ref. 25 ; Fig. 6a Figure 6 Pathogenicity of exFoxp3 cells. (a) Frequency of Foxp3 + cells among CD4 + T cells from Foxp3-GFP-Cre Â R26-YFP BDC2.5 mice, sorted as GFP + YFP + and GFP À YFP + cells to a purity of over 95% and assessed by intracellular staining before culture. (b) Flow cytometry of purified cells cultured for 6-8 d with IL-2 plus beads coated with anti-CD3 and anti-CD28. Numbers in and adjacent to outlined areas and in quadrants indicate percent cells in each (a,b). (c) Blood glucose concentrations of NOD Rag2 À/À mice given expanded populations of GFP À YFP À , GFP + YFP + or GFP À YFP + cells (5 Â 10 5 cells), assessed on days 8-11 after transfer. Mice are considered diabetic when the blood glucose exceeds 250 mg/dl. Each symbol represents an individual mouse; small horizontal lines indicate the mean. (d) Hematoxylin and eosin staining of pancreas sections from NOD Rag2 À/À mice that did not receive cells (top) or that received GFP À YFP + cells 9 d before as described in b (bottom). Original magnification, Â200. Data are representative of three experiments (n = 4 mice in d).
subsets were stable throughout the 7-9 d in culture, as both the GFP + YFP + T reg cells and GFP À YFP + exFoxp3 cells remained uniformly CD4 + and YFP + and continued to have their respective high and low expression of GFP. Intracellular Foxp3 staining showed that less than 2% of the cells in the expanded GFP À YFP + T cell population were Foxp3 + ; although most cells in the expanded GFP + YFP + population maintained expression of Foxp3, about 20% lost Foxp3 expression ( Fig. 6b) . We then transferred individually expanded populations of BDC2.5 TCR transgene-positive T reg cells, exFoxp3 cells and T conv cells into NOD recombinase-activating gene 2-deficient (Rag2 À/À ) mice and monitored the development of autoimmune diabetes in the recipient mice. Mice that received GFP + YFP + T reg cells had normal blood glucose concentrations (o250 mg/dl) throughout the study follow-up. In contrast, exFoxp3 cells, like T conv cells, induced rapid islet destruction and the development of diabetes (Fig. 6c,d) . Over 95% of the TCR-transgenic CD4 + V b 4 + cells expressed YFP (Supplementary Fig. 3 ), which indicated that the transferred exFoxp3 cells were responsible for the disease pathogenesis. These results suggest that exFoxp3 BDC2.5 cells function as effector T cells after recognition of pancreatic self antigen and induce rapid and severe type 1 diabetes.
Heterogeneous precursors of exFoxp3 cells
It was critical to address the ontogeny of the exFoxp3 cells directly, as it remained unclear whether in an unmanipulated setting the exFoxp3 cells arose from aborted Foxp3 + aT reg cells that had converted from T conv cells in the periphery or resulted from the loss of Foxp3 expression in true CD4 + Foxp3 + nT reg cells. Published studies have suggested that rearrangement of endogenous TCRa chains and selective pressure during thymic development result in nT reg cells having a unique TCR repertoire in the BDC2.5 mouse 26 . Thus, we isolated the various CD4 + T cell subsets from Foxp3-GFP-Cre Â R26-YFP BDC2.5 mice and then amplified, cloned and sequenced a region encompassing complementarity-determining region 3 (CDR3) through the constant region of the V a 2 TCR in these cells. Of 384 clones per subset, 227 T reg cells, 202 exFoxp3 cells and 236 T conv cells had productive V-gene and joining-gene rearrangements (Supplementary Table 1 ). As reported before 26 , the endogenous TCR V a 2 repertoire of T reg cells and T conv cells from BDC2.5 TCR-transgenic mice was distinct, as only 12.8% of the CDR3 amino acid sequences of GFP + YFP + T reg cells were present in the GFP À YFP À T conv cells (Fig. 7) . The exFoxp3 cells shared CDR3 amino acid sequences with both T reg cells and T conv cells, overlapping 23.8% and 35.6%, respectively ( Fig. 7 and Table 1 ). Among the twelve most frequent CDR3 amino acid sequences found in the GFP À YFP + cells ( Table 1) , four peptide sequences have been described before; CAAANSGTYQRF was dominant in T conv cells, whereas CAASALRTGSWQLIF, CAASGAGGYKVVF and CAATHNNNRIFF were uniquely present in T reg cells 26 ( Supplementary Table 2 ). Given the broadness of the TCR repertoire, the number of sequenced clones from exFoxp3 cells was probably still relatively low; however, substantial overlap of the TCR repertoire with that of both T reg cells and T conv cells suggested exFoxp3 cells are heterogeneous, deriving in part from established T reg cells that lost Foxp3 expression and in part from Foxp3 À T conv cells that expressed Foxp3, then lost Foxp3 expression after TCR engagement. As all the T conv cells expressed a transgenic BDC2.5 TCR, it is plausible that interaction of the BDC2.5 TCR and an unknown islet antigen actually led to development of at least some of the exFoxp3 cells.
DISCUSSION
There has been controversy regarding the stability of T reg cells in the periphery. It has been widely believed that T reg cells represent a highly stable lineage in which few if any cells lose Foxp3 expression in normal homeostatic conditions. A small subset of CD25 À Foxp3 + T reg cells has been reported that is unstable and rapidly loses Foxp3 expression after transfer into a lymphopenic host 13, 14 . Other studies have also suggested that T reg cells can be unstable; however, these studies have been limited to in vitro culture or in vivo transfer to lymphopenic recipients. In this study, we have used a Foxp3 reporter lineage-marker system to demonstrate unequivocally that a subset of Foxp3-expressing cells indeed lost Foxp3 expression. The generation of the exFoxp3 cells was accelerated during the progression of autoimmune type 1 diabetes. These cells developed an effector-memory phenotype, produced pathogenic cytokines Frequency of occurrence of the twelve most frequent CDR3 amino acid sequences in GFP À YFP À and GFP + YFP + and GFP À YFP + CD4 + T cells populations, assessed as described in Figure 7 . J gene, joining allele designation (International ImMunoGeneTics). a Total number of sequences.
and triggered the development of autoimmunity. Thus, Foxp3 expression is dynamically regulated in normal physiological conditions. The paradigm in immunology is that autoimmunity is precipitated by an imbalance of pathogenic T cells and Foxp3 + T reg cells 27, 28 . One dogma suggests that autoimmunity stems from a defect in T reg cells that 'allows' pathogenic cells to escape regulation and mediate disease 29 . On the basis of our observations, we propose an alternative possibility: that Foxp3 instability can lead to the generation of pathogenic effector-memory T cells that promote autoimmunity. The efficiency of the T reg cell system is a consequence of T reg cell expression of a TCR repertoire biased toward self-recognition 18, 30, 31 . Thus, the frequency of precursors able to recognize self proteins is very high, and this facilitates efficient suppression. Moreover, T reg cells have many functional properties that target dendritic cells, including both cell contact-dependent and soluble cytokine-specific suppressive activities 25 . These functional attributes allow this small subset to suppress local immunity through a combination of bystander suppression and infectious tolerance. However, these same attributes can backfire when a subset of the T reg cells loses Foxp3 expression and turns into autoreactive effector cells. In the pancreas of NOD mice, the balance was shifted from Foxp3 + T reg cells to exFoxp3 cells. The exFoxp3 cells had very high expression of CD127, which is believed to be a direct Foxp3 target and represents a key marker of memory T cell subsets 10, 32 .
Although the detailed molecular mechanism of the generation of exFoxp3 cells still needs to be clarified, it is possible that during an autoimmune pathological T cell response, a functional deficiency of IL-2 signaling in the T reg cells in the affected tissues may lead to a break in the positive feedback loop that controls Foxp3 stability, such that self-reactive T reg cells may convert to effector cells with high diabetic potential. Consistent with that idea, we found specific enrichment for CD4 + Foxp3 + CD25 À cells in the inflamed islet, which represents an unstable environment that favors the development of exFoxp3 cells, either through transient induction of Foxp3 in T conv cells or loss of Foxp3 transcription in T reg cells. Moreover, IL-2 treatment can efficiently restore the CD25 expression of intra-islet T reg cells and protect mice from developing autoimmune diabetes 1 . Furthermore, it has been shown that T reg cells depend on Dicer and therefore microRNA for proper function, and that exFoxp3 cell numbers are higher in Foxp3-specific Dicer-knockout mice 12 . Is has also been shown that the microRNA miR-155 modulates IL-2 signaling by targeting suppressor of cytokine signaling 1 (ref. 33 ) and that miR-155-deficient T reg cells need higher IL-2 concentrations in vitro to achieve STAT5 phosphorylation similar to that in wild-type cells. Hence, it is possible that microRNA is involved in maintaining high Foxp3 expression in T reg cells.
The lineage tracing through analysis of the endogenous V a TCR use in BDC2.5 TCR-transgenic cell subsets showed that a considerable percentage of exFoxp3 cells shared ontogeny with both the Foxp3 + T reg lineage and T conv lineage. It is likely that the same inflammatory autoimmune setting actually destabilizes both nT reg cells and aT reg cells. The aT reg cells share many characteristics with nT reg cells, including the fully unmethylated status of the TSDR in the Foxp3 locus 19 , similar cytokine expression and the T reg cell mRNA expression 'fingerprint' . The aT reg cells have a function complementary to that of nT reg cells, particularly in response to self antigens not expressed in the thymus. Thus, it is possible that in inflammatory conditions, the development of aT reg cells is aborted, allowing the self-reactive cells to develop directly into effector-memory T cells and promote autoimmune disease. Notably, the unexpected finding that transient Foxp3 expression favors the differentiation of RORgt + IL-17-producing T cells has been reported 34 . We speculate that in all cases, the molecular mechanism of destabilized Foxp3 involves epigenetic changes in the Foxp3 locus in the inflamed site. In this context, one study has suggested that the IL-6 signaling pathway can remethylate a critical Foxp3 CpG motif and suppress Foxp3 expression 35 . Other studies suggest that subsets of T reg cells 'preferentially' and specifically suppress distinct helper T cell subset-mediated immune pathology. For instance, T reg cell-specific ablation of the transcription factor IRF4 leads to impaired T helper type 2 suppression but normal T helper type 1 suppression 36 . In contrast, another study has reported that a subset of T reg cells expressing the transcription factor T-bet suppresses T helper type 1 inflammation 37 . As T reg cells and T conv cells are closely related and share an mRNA and microRNA 'signature' 38 , it is possible that some of this phenomenon is explained by T reg cell-exFoxp3 cell pairs that are equipped with similar chemokine receptors to migrate to the same tissues and/or that some of the effectors are derived directly from T reg cells in the inflamed tissues.
Finally, the plasticity of Foxp3 expression in the inflamed setting may also have implications in infectious diseases in which early inflammatory cytokines induced by the innate immune response may not only disable T reg cells but also enhance immunity by creating a pathogenic autoreactive T cell repertoire locally in the infected tissues. This possibility may explain the commonly observed phenomenon of episodes of infections triggering autoimmune disease 39 . Thus, better understanding of the extracellular and intracellular signals that maintain or destabilize Foxp3 expression may have important therapeutic implications in a variety of disease settings ranging from autoimmunity to cancer and infectious disease.
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